The heavy fermion CeM In5 family with M = Co, Rh, Ir provide a prototypical example of strange superconductors with unconventional d-wave pairing and strange metal normal state, emerged near an antiferromagnetic quantum critical point. The microscopic origin of strange superconductor and its link to antiferromagnetic quantum criticality and strange metal state are still open issues. We propose a microscopic mechanism for strange superconductor, based on the coexistence and competition between the Kondo correlation and the quasi-2d short-ranged antiferromagnetic resonating-valence-bond spin-liquid near the antiferromagnetic quantum critical point via a large-N Kondo-Heisenberg model and renormalization group analysis beyond the mean-field level. We find the coexistence (competition) between the two types of correlations well explains the overall features of superconducting and strange metal state. The interplay of these two effects provides a qualitative understanding on how superconductivity emerges from the SM state and the observed superconducting phase diagrams for CeM In5 near the AF QCP.
Introduction.
Heavy fermion superconductivity (HFSc) has attracted much attention both theoretically and experimentally due to the incompatible nature of superconductivity and magnetism [1] . One particular interesting class of HFSc is that of "strange superconductors" (SSc) where Cooper pairs get condensed out of a strange metal (SM) state of incoherent non-Fermi liquid (NFL) excitations reminiscent of what has been found in the cuprate superconductors [2] . A large specific heat jump at T c [3, 4] and large effective mass seen in London penetration depth [5] and superconducting coherence length suggest SSc involve pairing of the heavy f -electrons. The unconventional (d-wave) superconductors family CeCoIn 5 and CeRhIn 5 [6] [7] [8] offers a proptotypical example of this kind, displaying SM normal state with T -linear resistivity and power-law singularities in specific heat and magnetic susceptibility [3] . The Kondo hybridization between local 4f and mobile 5d electrons of the Ce atoms [9, 10] as well as the antiferromagnetic (AF) Ruderman-Kittel-Kasuya-Yosida (RKKY) coupling between the f -electrons [11] have been suggested to play important roles in superconductivity. A superconducting dome emerges near the antiferromagnetic quantum critical point (QCP) under pressure and magnetic field [12] .
Though phenomenological approaches based on the two-fluid model [13] , spin fluctuation theory [11] as well as a Quantum Monte Carlo approach based on a twoimpurity Kondo model featuring local quantum criticality [14] were used to account for HFSc, a comprehensive microscopic mechanism is still needed. In addition, Anderson's resonating-valence-bond (RVB) theory of cuprate superconductivity [15] was proposed to explain the HFSc due to similarities between them [6] . Close to the edge of antiferromagnetism, the Kondo effect may not only stablize the RVB spin liquid (SL) against the magnetic long-ranged order by partially sharing the f -electron spins [16, 17] , but also introduce hoping of the RVB bonds to the conduction band to form charged Cooper pairs, leading to a Kondo-RVB coexisting heavy electron superconductor. Along this line, a controlled large-N generalization of the physical SU(2) particle-hole (p-h) symmetric Kondo-Heisenberg model on a 2d square lattice based on the Sp(N ) group symmetry was proposed [17, 18] , where a direct transition from a Curie paramagnet to HFSc near T c is observed, indicating that the pairing mechanism occurs simultaneously with the Kondo effect.
However, recent ARPES and STM investigations of CeCoIn 5 [10, 19] suggest a rather high onset Kondo temperature T * onset ∼ 100 K − 200 K [20, 21] , well above the Kondo lattice coherence temperature T * coh ∼ 50 K and T c ∼ 2.3 K. Also, resistivity measurement for this compound shows a rather narrow superconducting region [3, 12] . More importantly, outstanding puzzles still remain unsolved: How does superconductivity emerge from the SM normal state? What are the links between the SM, Kondo coherence, superconductivity, and QCP? What is the mechanism of superconductivity coexisting with antiferromagnetism [22] ?
As a step towards addressing these questions, we propose in this letter a microscopic mechanism based on the competition and coexistence between Kondo and AF RVB correlations near QCP via a p-h asymmetric class of Sp(N ) Kondo-Heisenberg model. Our mean-field results explain remarkably well the narrow superconducting dome as well as various temperature scales (T c , T ization group (RG) analysis, we show that the competition between the critical Kondo and RVB fluctuations lead to the observed SM behavior in the normal state. The interplay between coexistence and competition of these two effects provide a qualitative understanding on the emergence of HFSc from SM and the observed superconducting phase diagrams near the AF QCP.
The Large-N Kondo-Heisenberg Hamiltonian. The full action of the model will be discussed in Eq. (1) below. For clarity's sake, we start from the large-N (Sp(N )) p-h asymmetric Kondo-Heisenberg Hamiltonian at the mean-field level:
electrons with λ being the Lagrange multiplier to impose the local constraint σ f † iσ f iσ = N κ where a constant κ ≡ 2S ensures the fully screened Kondo effect [23] and κ < 1 leads to p-h asymmetry and valence fluctuations.
The antiferromagnetic RKKY interaction reads:
is described in terms of fermionic Sp(N ) fields and an exchange coupling matrix with J αβ = J αβ = −J βα , note that Sp(1) ∼ SU(2) [24] [25] [26] . The Kondo interaction is given by
JK . We assume a uniform RKKY coupling J ij = J H on a lattice where i, j are nearest-neighbor site indices, σ, α,
The mean-field Kondo hybridization and RVB spinsinglet bond are defined as
, respectively. Coexisting Kondo-RVB Induced Superconductivity. By varying the ratio g ≡ J K /J H , three distinct mean-field phases are found (see Fig. 1(a) ). Since with increasing pressure the antiferromagnetic state of the system is suppressed while the heavy Fermi liquid state is favored [12] , we expect g plays a similar role as pressure. In the RKKY limit (g < g c1 ) and for κ < 1 (equivalent to the average spin per site S < 1/2 due to valence fluctuation [27, 28] ), a metallic spin-liquid (SL) phase (green area in Fig. 1 (a)) is found with short-range antiferromagnetic order parameter Φ ij > 0 and χ i = 0. This phase is known as the fractionalized Fermi-liquid realized in frustrated Kondo lattice system [29] . In the opposite limit (g > g c2 ), the Kondo state (red area in Fig. 1(a) ) emerges with |χ i | > 0 and Φ ij = 0. In the intermediate regime, g c1 < g < g c2 , we find a Kondo-RVB coexisting superconducting (SC) phase (blue area in Fig. 1(a) ) |χ i | > 0 and |Φ ij | > 0 with a superconducting gap defined as ∆ = ∆(k) ≡ Φ(k) (Φ(k) being the Fourier transformed Φ ij with d-wave symmetry and T c being determined via ∆(T = T c ) = 0, see Section A of Ref. 30 ). The superconductivity in the coexisting phase arises through higherorder processes involving both RVB and Kondo terms:
. The superconducting pairing gap is generated from the spin-singlet RVB bonds, while the Kondo hybridization provides hopping of the f -electron RVB singlets to the conduction(c) electron band and fosters their Cooper pairing [31] . Valence fluctuations (n f < 1) are expected to favor the single f -electron hopping via Kondo hybridization and frustrate the RVB singlet bonds, leading to a finite range in J K /J H of superconductivity. When the fluctuations beyond mean-field are included, the short-range RVB SL state is expected to give way to long-range antiferromagnetism below T N (see Fig. 1(d) ). However, the Sp(N ) representation of our model is not appropriate to describe symmetry-broken magnetic long-range ordered phases. We therefore refrain from discussing the microscopic origin of AF order. Nevertheless, the tendency toward antiferromagnetic ordering when superconducting fluctuations are included will be discussed below within the RG framework. Moreover, the (normalized) specific heat coefficient C V /T in the superconducting state is also well reproduced [37] (see the red curve in Fig. 1(c) 
The Strange Superconductivity and Quantum Criticality. The key issue here is to is to address the link between superconductivity, SM region, and the AF QCP. Experimental evidences on Grüneisen parameter and thermal expansion coefficient [12] suggest that this QCP is located at the border of the superconducting, the antiferromagnetic and the Landau Fermi liquid (LFL) phases, is approached when superconductivity is suppressed (experimentally by the magnetic field and Cd doping (or negative pressure), see the quantum critical (QC) line in Fig. 1(b) [38, 39] ). The SM region in Fig. 1(d) , proposed to be the quantum critical region associated with QCP, has been experimentally observed [3] . Near this QCP our mean-field results show almost vanishing superconducting phase with nearly decoupled Kondo and the RVB phases (see Figs To go beyond mean field, we introduce the bosonic Gaussian fluctuation of the Kondo hybridization (RVB spin-singlet bond) via
An effective action beyond the Sp(N ) mean-field at N = 1 near g c1 and g c2 in Fig. 1(b) , S ef f = S 0 + S χ + S Φ + S G + S K + S J + S sc , in the quasi-2d limit d = 2 + ǫ with 0 < ǫ ≪ 1 [3, 40] and the dynamical exponent z = 2 [41] is given by:
where the S sc term arises from H sc as shown above. The competition of various couplings in S ef f are investigated. In Eq. represents the bare mass of theχ (Φ) bosons. We also introduce the factor Γ to guarantee the local nature of the f -electrons. The actions S χ (S K ) and S Φ (S J ) represent the Kondo hybridization and RKKY interaction at (beyond) the mean-field level, respectively, and S G represents the action of the quadratic Gaussian fluctuating fields. The coefficient J χ(Φ) denotes the coupling constant for the Kondo (RKKY) term S K(J) , whose bare value is taken to be J K(H) . The term S sc is the action of the superconducting fluctuation from H sc defined above, an interplay between the AF RVB and Kondo correlations near the g c1 and g c2 .
When the superconductivity (S sc ) is suppressed, Eq.
(1) has been shown to describe the NFL SM state as a quantum critical region separating RVB spin-liquid and Kondo states [41] , which is relevant for the SM behavior seen in both pure and Ge-substituted YbRh 2 Si 2 [42] . It exhibits a linear-in-T resistivity, a T -sublinear power-law divergence in magnetic susceptibility χ(T ) ∼ T −0.3 (see Section C of of Ref. 30) , and a T -sublinear power-law divergent at low T followed by a logarithmic-in-T at higher P Q FIG. 2: (a) and (b) show the RG flow diagrams near gc1 and gc2. In (a), both jχ and vsc couplings flow to the Gaussian fixed point gc1 for the initial couplings inside the blue solid curve connected P and Q. (c) and (d) are the schematic phase diagrams of CeRhIn5 and CeCoIn5, respectively. They can be qualitatively explained within our RG analysis.
T in the electronic specific heat coefficient:
with the scaling function Γ (x) behaving as Γ (x) ∼ x −ᾱ for x ≃ 1 withᾱ being obtained by numerical fit of Γ (x) and −Γ (x) ∼ ln(x) for 1 < x < 10 (see the blue curve in Fig. 1(c) ) and α = ǫ 2 + 3ǫ/2 being obtained via the scaling ansatz of free energy (see Ref. 41) . Both the observed anomalous χ(T ) and γ(T ) are well accounted for by an extra spatial dimension being ǫ ∼ 0.35. In the crossover region T c < T < T * coh , the resistivity behaves as ρ = ρ 0 + AT + BT 2 with A and B ≪ A being prefactors, see Section D of of Ref. 30 .
With superconducting fluctuations (S sc ) included, we address how superconductivity emerges (disappears) around the two phase boundaries g c1 (g c2 ) (shown in Fig.  1(d) ) using a diagrammatic renormalization group (RG) approach. We find that the key mechanism is the interplay between coexistence and competition of the Kondo and RVB interaction. Near g c1 , which separates the spin liquid from the superconducting phases, the ground state is the RVB spin-liquid phase (Φ = 0 and χ = 0). As a result, the leading superconducting fluctuations are dominated by the fluctuations of Kondo hybridizationχ field with the RVB correlation being treated at the mean-field level i.e.Φ → 0, and thus is described by S sc near g c1 in Eq. (1). For this case, the bare v sc can be estimated as v sc ∼ J 2 χ Φ ij (the blue and red dot-dashed lines in Fig.  2(a) ). The RG β functions for weak coupling J χ and v sc near g c1 read (see Section B1 of of Ref. 30 )
where ǫ ≡ d − z and j ′ χ ≡ dj χ /dl with dl ≡ −dlnΛ and Λ being the energy running cutoff. In Eq. (2), a positive (negative) coefficient implies a relevant (irrelevant) term. We find three non-trivial fixed points:
= (0, 0) , P : (ǫ, 0) and Q : (0, ǫ/12). The resulting RG flow is shown in Fig. 2(a) .
Close to g c2 , the transition occurs deeply in the Kondo phase where the mean-field Kondo correlations χ i are finite and the mean-field RVB Φ is negligibly small. The transition is therefore driven by the fluctuatingΦ field, and can be described by S sc near g c2 in Eq. (1) with v sc ∼ χ 2 J Φ (the red dot-dashed line in Fig. 2(b) ). In the weak coupling J Φ and v sc regime, the RG equations read:
The RG flow for Eq. (3) is shown in Fig. 2(b) . Except the Gaussian fixed point, one finds a non-trivial fixed point of Eq. (3) at R : (j * 2
. We analyze below how the strange superconductivity emerges under RG. First, near g c2 , the RG flows of Eq. (3) reveal that both v sc and j Φ grow to (∞, ∞), corresponding to the (mean-field) coexisting Kondo-RVB superconducting phase. The critical fixed point R involves the appearance/disapearance of the RVB correlation deep in the Kondo regime. This "RVB breakdown" QCP corresponds to the "hidden" AF QCP when superconductivity is suppressed (see the two dashed lines converged at the QCP in Fig. 2(d) ).
The RG flow of Eq. (2) near g c1 seems to qualitatively capture the salient features of the phase diagrams of CeCoIn 5 and CeRhIn 5 . Near g c1 , the bare couplings follow the relation:
For a large mean-field value of Φ ij (blue dot-dashed line), over a finite range in the parameter space, we find that j χ and v sc flow to (j χ , v sc ) = (0, ∞), a fixed point for superconductivity with Kondo breakdown. We expect that, without Kondo effect, the short-range RVB-spin liquid phase in this case becomes unstable against antiferromagnetism, likely leading to a coexstence of long-range AF and superconductivity [43] . Exprimental signatures of the Kondo breakdown-jump of the Fermi surface at critical pressure [44] -as well as the the coexistence of the long-range AF order and superconductivity (illustrated in Fig. 2(c)) over a finite range in pressure have been observed in CeRhIn 5 [22, 45] . The Kondo breakdown transition is controlled by the vertical flow connecting the fixed point P and the expected strong coupling fixed point (open circle) in Fig. 2(a) , corresponding to g ′ in Fig. 2(c) . For smaller values of Φ ij (the red dot-dashed line in Fig. 2(a) ), however, a negligibly small coexisting AFsuperconductivity phase in the parameter regime of bare J χ and v sc is found; it likely corresponds to the case of CeCoIn 5 at ambient pressure (as in Fig. 2(d) ) where the superconducting phase does not coexist with AF order (except for the Q phase [12] and the field-induced AF order [46] , which is out of our scope). The superconducting dome exhibits a hidden AF QCP inside, consistent with the experiments on CeCoIn 5 [12, 39, 47, 48] . When the superconductivity is suppressed, the linearin-field crossover scale seen in CeCoIn 5 near the QCP [12] can also be qualitatively accounted for within the RVB breakdown scenario via tuning j Φ under RG at a finite Kondo correlation [41] . Note that the signatures of the proposed SL region in Fig. 2 (c) and (d) are yet to be confirmed experimentally. A broad distribution in spinon-like excitation (instead of a sharp magnon-like excitation) spectrum [49] in neutron scattering experiments [50] would serve as a convincing evidence for the existence of SL region.
Conclusion. We propose a microscopic mechanism for the strange superconductivity observed in the heavy fermion "115" family (CeCoIn 5 and CeRhIn 5 ) based on the coexistence and competition between Kondo and short-ranged antiferromagnetic RVB correlations near an antiferromagnetic quantum critical point via the meanfield approximation and the field-theoretical renormalization group (RG) approaches to the Sp(N ) KondoHeisenberg model with valence fluctuations . The coexistence of these two phases underlie to superconductivity, while their competition gives rise to the antiferromagnetic quantum critical point and the quantum critical strange metal behaviors. Our mean-field theory describes comparatively well the superconducting phase of CeCoIn 5 . We further construct an effective field theory beyond the mean-field level to reveal how superconductivity emerges from the strange metal state and its link to quantum criticality via the interplay of coexistence and competition of the Kondo and RVB physics. Our RG analysis near the antiferromagnetic quantum critcal point can simultaneously describe the qualitative nature of the superconducting phases with and without coexisting antiferromagnetism for CeRhIn 5 and CeCoIn 5 , respectively [22] . Our theory provides a critical step towards resolving the long standing issues on strange superconductivity in heavy fermion materials. Further experimental input is needed to clarified this issue.
